Abstract. Combining a knowledge acquisition methodology with a powerful data model we present an approach to the acquisition, maintenance and browsing of scientific medical hypertext. The hypergraph-based data model supports the consistent treatment of cyclic data structures, the nesting of complex object and comes with an elegant way of path-declaration in order to represent time-dependent medical processes or large hypertext-tours. It encourages a stepwise schema design and therefore supports a spiral shape acquisition process. We formally define view mechanisms on the basis of a rule based query and modification language. The views enable a context sensitive presentation of medical knowledge according to the informational needs of the physician. Our approach has been applied to the implementation of an authoring and tutoring environment for a computer-based hypermedia reference book for cerebrovascular diseases (NeuroN). During the acquisition process the expressive power and the flexibility of the representational formats have been evaluated.
Introduction and fundamentals

Scientific Hypertext in Medicine -a Challenge
Comprehensive hypertext systems seem to provide a powerful means to cope with the exploding amount of medical knowledge. Nevertheless hypertext faces its own severe problems: Navigating through large documents -although technically accelerating the retrieval of information -leads to the well-known lost-in-hyperspace syndrome caused by cognitive overload and disorientation [1a] . As far as the authoring process is concerned the maintenance of scientific hypertext turns out to be even more cumbersome: the link-structure has to be checked for consistency and completeness, interests of the reader have to be anticipated, redundancies or even contradictions are easy to produce but difficult to remove.
Due to the complexity and extent of the domain these problems come to a head in the case of medical hypertext. Furthermore scientific hypertext in medicine has to meet strong requirements concerning the validity of its content.
The model-based Approach
As an important seminal approach to enhance the quality of scientific medical hypertext Cimino et al. [1] proposed the concept space model, which distinguishes between a textual and a conceptual level. Text segments are linked to concepts ("self contained atomic terms within a field of discourse"). The concepts and their inter-conceptual relations constitute a semantic network: the concept space. Hypertext navigation uses the concept space as a guidance, which results in a reduction of cognitive overload and disorientation. Moreover an existing concept space may support a systematic and comprehensive elicitation of medical contents during the authoring process. As it is the case with most of the available systems, textual information units are the basic building blocks of hypertext in the concept space approach, too.
In contrast to that, model-based hypertext (see [2] p.228 ff. or [3] ) avoids static documents and pages as much as possible. A formally represented and systematically acquired domain model serves as a basis of dynamically generated hypertext documents.
There are at least six main advantages of model-based hypertext:
(1) Better recall of information: The formally represented domain model allows the retrieval of relevant information on the basis of a query language. (2) Decrease of redundancy: Medical knowledge is represented unilocularly, i.e. knowledge concerning one medical concept or one object of interest is not distributed over many textual units, but stored once. The approach simplifies the maintenance of the hypertext and avoids inconsistencies. (3) Problem specific selection of information: The domain model allows the acquisition and representation of context and user specific views [4] . A view acts as an information filter, which presents medical information to the physician according to his or her actual clinical situation and personal informational needs. Therefore views reduce the informational/cognitive overload. (4) Integrity constraints: The acquisition methodology supports the structural and semantic integrity of the model by integrity constraints and therefore improves the quality of the hypertext. (5) User orientation: As Cimino et al. pointed out, the concept space has a positive impact on the orientation of the user in a large hypertext space. Furthermore the formally represented model is a good basis of various browsing and visualisation methods [5] , which are generally considered as a first class tool for avoiding disorientation and gaining an overview. (6) Maintenance of hypertext links: Links are generated automatically from the model. The problems of incompleteness, structural inconsistencies, and difficulties with the actualisation of the hypertext document arising from manually established hypertext links are avoided.
The implementation of model-based scientific hypertext could benefit from the use of knowledge acquisition methodology, where the elicitation of a declarative model of the domain is concerned. In the field of second generation expert systems some important approaches to a knowledge acquisition methodology have been developed (see an overview in [6] ). We had to adapt such an acquisition scheme to the task of implementing an knowledge-based assisting device: A model-based hypertext system is not determined to perform problem-solving inferences on its own. It should be able to provide the physician with relevant additional knowledge during his clinical and scientific decision making.
Overview of the paper
In this paper we propose an integrative formal approach to the acquisition, maintenance and browsing of model-based medical hypertext. The approach needs to provide descriptional means for the three major tasks of the above sketched approach: conceptual modelling during the acquisition process, persistent storage of the hypertext in a database, information retrieval and filtering in a given hypertext database by the use of a sufficiently complex query language or inference mechanisms. The central idea is to integrate the structured representation of domain knowledge and a formal data model equipped with a powerful query and data modification language. In the method part of the paper we will propose a general scheme for the structuring of the domain model first. From this we will derive requirements, which a formal data model has to meet in order to support this general structuring scheme. In a third section we introduce a formal model which serves our purpose. A fourth section will demonstrate how to describe retrieval and view mechanisms for model-based hypertext by the means of the formal model.
We have applied our approach to the acquisition of a domain model of cerebrovascular diseases in neurology in order to implement a computer-based, context-sensitive reference book [16] [17] -most of the examples given in the text will refer to this domain.
The method part of the paper is followed by a report of implementation and evaluation issues. At the end of the paper we discuss or approach with respect of comparable efforts in the field of medical knowledge base systems in detail.
Methods
Conceptual Structuring
The representation of complex domain knowledge requires structured modelling. As stated above, we focus on a declarative model of the domain. Within the expert's discourse interrelated objects of thoughts can be identified. The structured knowledge representation should preserve this object-centred structure as far as possible and obey a principle of unilocularity, representing such objects once and referring to them from different contexts.
At a higher level of abstraction the domain knowledge is structured by general medical concepts and their relations.
EXAMPLE: AN ENTITY OF DISEASE HAS SIGNS OR REFERS TO A PATHOPHYSIOLOGICAL PROCESS.
Our approach starts at a further level of abstraction: a medical expert asked to sketch aspects of the domain will make a repeated use of the same types of diagrams or structured representations (e.g. tables). According to our experience the efficiency of the acquisition process depends on the choice of structural adequate representational means which are offered to the medical expert. The use of only one knowledge representational format (e.g frames) is far too restrictive when aiming at a comprehensive representation of a complex medical domain such as neurology (compare the general arguments for multiple representations in [18] . 
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Artheroscler. We therefore propose a three layer approach of conceptual structuring. On the first layer we offer a choice of representational schemes such as a Frame or a Net. There is no medical semantics assigned to this layer. In order to offer as much flexibility as possible, even the structural layer could be modified during the acquisition process. Objects on the conceptual level do have a medical semantics. They define abstract medical concepts and their relations constituting a generic scheme for the domain knowledge, which supports the acquisition process and may serve as a means to enhance orientation of the hypertext user, later. On the domain layer (third layer) the medical domain knowledge is represented in an object-centred way according to the generic scheme of the conceptual layer.
Examples
Requirements
Nesting: In order to avoid redundancy and to support unilocularity it should be possible to establish a reference to each representational unit of medical knowledge contained in the knowledge base. Moreover, complex objects have to be built by nesting existing representational units. Typing: As a central feature the formal approach should describe the relation between the layer as a typing relation, which imposes semantic integrity constraints on the typed layer.
Cycles: As a structural feature we need a consistent treatment of cyclic data structures, as they will emerge from terminological cycles within the medical domain and from hypertext guided tours, which support for instance a repetitive learning scheme
EXAMPLE: MEDICAL GENETICS HAS TO DEAL WITH PEDIGREES. A MEMBER OF A PEDIGREE WILL AT LEAST HAVE TO BE DEFINED AS AN ENTITY, WHICH HAS A MOTHER AND A FATHER, WHICH ARE MEMBERS OF A PEDIGREE THEMSELVES (OR UNKNOWN). IN SPITE OF THE PEDIGREE BEING A NON-CYCLIC DATA-STRUCTURE ITS TYPE DESCRIPTION IS CYCLIC.
Histories and loops:
A medical process is often described as a history of (pathophysiological) states. In general such a process is not marcovian, i.e. the probability for the transition from a given state s at a given time t to the following state not only depends on s and t, but on the whole history of former states. A same observation can be made with respect to hypertext navigation: the next link to pass depends on the informational needs of the reader, which is -in general -modified by the history of documents perceived before. A guided tour has to anticipate these informational needs.
Starting with a graph-based representation, both a medical process and a hypertext tour correspond to special paths in the graph more than to the graph itself, because the order of the edges to pass matters. Special problems rise in the case of a process, which passes the same episode repeatedly, but coming from different directions and with a different outcome. A graph representation of this course of disease leads to ambiguities. Obviously there are two paths leading from an absence of neurological symptoms in the very beginning to severe neurological deficits, one including the cycle (episode of cerebral embolism > neurological deficits > episode of cerebral embolism). If parameters were assigned to transition links (e.g. in order to represent a frequency) the transition parameter from cerebral embolism to severe neurological deficits would have to depend on the former history of states. If a course contains cycles it is not possible to represent the resulting loop as a set of edges without facing the above mentioned ambiguities.
Formal Model
The formal model is a modification of the Nested-Graph Model [14] . The attraction the Nested-graph Model is a graph based approach to the integration of deductive and object-oriented concepts. Graph based formalizations of hypertext have been studied extensively (see [15] or [2] ). In the Nested Graph model 'hypernodes' have been defined as a fundamental descriptional means. A hypernode is an graph, to which an additional label is assigned. A label may appear as a node of another hypernode. As a consequence the model supports the nesting of data objects.
As a consequence of the graph based approach, the Nested Graph Model does not provide adequate descriptional means for loop containing histories or courses of disease as discussed above. Correspondingly it is complicate to simulate a list data type. Therefore we modify this approach and propose to use directed hypergraphs instead of graphs. There has been a hypergraph based approach (GROOVY [21] ) as a predecessor of the Nested Graph model, but with different typing constraints and different query mechanisms.
Hyperpaths
We define a Hyperpath as a directed hypergraph with an assigned label. For this purpose we need two disjoint sets of constants: a finite set of primitive nodes P and a countable infinite set of labels L.
Definition:
A Hyperpath is defined as a tripel of the form:
We call G the label of the Hyperpath, N is called node set, E is called path set of the Hyperpath. The elements of E are called path tuples.
Graphical Notation
An advantage of the model is an intuitive graphical notation. A hyperedge is represented by an arrow with attached labels. We denote the Hyperpath Entity_ of_ Disease, , N E where: A Hyperpath repository is defined as a finite set of Hyperpaths satisfying the following two conditions: (1) no two Hyperpaths have the same label; (2) for any non-primitive label l appearing in the path set or the node set of a Hyperpath, there is a Hyperpath labeled by l contained in the repository. The conditions correspond to the object identity and referential integrity criteria in the entity-relationship model. Using the label of a given Hyperpath in the path set or the node set of a second Hyperpath a nested structure is established. As far as semantics is concerned, the content of the first Hyperpath is referenced in the context of the second. Furthermore the definition of a Hyperpath repository does not exclude referential cycles. Cyclic cross references allow e.g. the representation of terminological cycles as discussed above.
Typing of Hyperpaths
An existing repository may serve as an abstract scheme of another repository due to a typing relation. The model defines a type mapping ϕ, which maps each Hyperpath of a given repository to a Hyperpath of the type repository. This mapping has to preserve the structure of the Hyperpaths (see the formal definition in Appendix *): for instance a path tuple of a typed Hyperpath l has to be mapped to a corresponding path tuple of its type t = l ϕ( ) . An example is given in figure 3 .
A given repository R is well typed with respect to a type repository T, if all members of R are typed by members of T. Typing supports the conceptual structuring approach: each of the layers (structural layer, conceptual layer, domain layer) is represented as an own repository. Typing is established according to figure 1. It imposes structural and semantic integrity constraints to the typed layers. 
Enhanced typing of path tuples
The typing mechanism has a short-come with respect to the typing of variable histories (i.e. path tuples with variable length being typed by the same path tuple). For instance it should be possible to type courses of disease with a variable number of states by the same conceptual structure. This is enabled by an enhancement of the typing mechanism (see appendix *). An example of enhanced typing is given in figure 4 . 
Queries/Production Rules
The Nested-Graph Model comes with a powerful query and manipulation language (Hyperlog), which is easily adopted for the case of Hyperpaths. A Hyperlog query is a Hyperpath, where some nodes have been replaced by variables. The basic idea is to find a substitution of the variables by labels in such a way, that the query becomes a substructure of a given repository. A simultaneous substitution and match for a set of queries is defined correspondingly.
A Hyperlog (production-) rule consists of a set of queries (the rule body) to be matched with respect to a given repository and a different query (the rule head) for which the variables have to be substituted simultaneously with the rule body. The rule head modifies a repository removing the negative edges and nodes and adding the positive ones in an equally labeled Hyperpath of the repository or adding a new Hyperpath. Hyperlog has a fixpoint semantics, i.e. a Hyperlog program modifies a given repository until no further changes are inferred.
View mechanisms Problem specific Views
For hypertext systems views have been developed to reduce the number of reachable hypertext nodes in a large hypertext document (see [23] ). A comparable -but more formal -view concept has been developed in database theory [24] . Object-oriented data models introduce views as virtual schemes derived from the scheme of the actual database [25] . The possible role of views concepts in the acquisition process of modelbased hypertext has been described in [4] .
Views in Hyperlog
For a well-typed Hyperpath repository view mechanisms can be defined on the basis of Hyperlog rules. Hyperlog allows representing views, which select a part of a Hyperpath repository according to a choice of relevant parts of the type repository. Moreover Hyperlog allows creating transient objects inferred form a given repository, which corresponds to the case of imaginary classes in object-oriented databases (see [25] ). Cum grano salis the Hyperlog rules can be represented as Hyperpaths (see [14] ), constituting a separate view level.
As an example of a Hyperlog rule, which infers a new view-specific object from the knowledge base, the following rule produces presents knowledge about secondary diseases, which are possibly caused by the therapeutic treatment of a primary disease. By a modification of the operational semantics of hyperlog the resulting hypernode repository could be made transitory, thus implementing views on the basis of imaginary classes as scetched above.
Results
Implementation issues
A prototype of an authoring and tutoring system for model-based medical hypertext on the basis of the Hyperpath formalism has been implemented in the Smalltalk80/VisualWave™ (ParcPlace) programming environment. It would have been straightforward to store repositories of Hyperpath or QueryNode objects in an objectoriented database system, nevertheless we have developed the appropriate mechanisms to use a relational database system (Oracle) instead, because up to now object-oriented database systems are not generally available or integrated in hospital information systems. The VisualWave environment allows the automated generation of CGI-and HTML-interfaces. Therefore it is easy to transform the editors, and the retrieval tools into Web-Applications. For single objects or selected parts of the knowledge base HTML-and VRML-export functionality has been implemented in order to enable a cooperative acquisition process in intra-and internet.
Authoring and browsing tools
We have developed editors to create and modify Hyperpaths. The editors check the type correctness and the structural integrity of the Hyperpaths repositories. The acquisition tools for the conceptual layer offer a choice of representational schemes defined on the structural layer. Editors for the domain layer are generated dynamically on the basis of the evolving conceptual layer. Therefore short-comes of the conceptual structure are detected early during the acquisition of concrete domain knowledge. On the domain layer multimedia data can be included.
The system supports two complementary aspect of browsing: the identification, retrieval and presentation of single information objects (Hyperpaths) on the one hand; the integrated presentation of selected parts of the knowledge bases and the visualisation of their referential structure in the other. Different browsing tools have been integrated in the system: A categorical, an alphabetical browser and an object viewer support the first aspect, a 2-D graph browser, which displays the environmental structure of an actual Hyperpath, and a prototypical implementation of a 3-D browser based on VRML-export functionality support the second aspect.
In the tutoring environment a presentation window (lower part of the screenshot) is generated using view schemes, which are defined interactively by the reader. The reader may select one or more relevant type nodes and a relevant subset of their path tuples before navigating on the domain layer. (In the figure the type 'examination' and paths leading to 'examination technique', 'physiological finding' and 'pathological finding' have been selected on the type layer). Alternatively a predefined view scheme could be chosen. Within the presentation window the corresponding aspects are reported (in the screenshot with respect to 'Test of the Barbinski-Reflex'). The textual report is generated automatically from terms and text fragments of the related knowledge entities. Terms referring to different knowledge entities are highlighted in the text, but the text area supports no hypertext metaphor. Hypertext navigation is reserved to the right area of the presentation window: A click on the entries of the content browser starts a navigation step and resets the information content of the whole presentation window.
Due to the separation of information report and hypertext navigation links are presented in a conceptually structured way. Furthermore -similar to the view definition on the conceptual layer -the reader is equipped with an instrument for modifying the information report by selecting aspects o special interest. A preview functionality of the content browser serves as a means to avoid unnecessary navigation steps.
Evaluational aspects
The flexibility of the conceptual layer and the adequacy of the concept space were in the focus of the evaluation effort. The acquisition process has been partitioned: A first period led to the necessary representational means and an initial conceptual scheme. During the following 3-months period the clinical project partner managed to send a neurologist, who exclusively worked on the acquisition task. After that an identical 3-months period took place, but with a different neurologist. The challenge was to quantify the evolutionary aspects of the acquisition process. As a consequence the domain experts had to treat the same acquisition task: the description of nosological aspects of cerebral ischemia, but the second one started where the first one finished. The state of the knowledge base has been recorded at the end of each 3-months period. What can be checked out by the comparison of the two states is, whether the given conceptual scheme has been considered as a suitable base for the representation of concrete domain knowledge or to which extent it has to be modified during the acquisition process, respectively. It should be noted, that not the assertional contents of the knowledge base states have been compared, but their conceptual structure.
Conceptual Layer (at the end of the 2nd 3-months period) new changed deleted total Types (complex and primitve) 26% 10% 0% 36% Attributes 20% --2% 22% Table 1 : Revision of the conceptual layer (overview)
A more detailed view shows special categories of the type changes. As a distance measure for changed versions a type object we use the following: let A i be the set of attributes (starting nodes of the path tuples) used by type I, A j be the set of attributes used by the same type after the changes were made to it, and K a critical set of attributes (which are: deleted attributes, new attributes, attributes with a changed value restriction and the union set of these) then the distance of two type versions is
. In the overall case d takes the value 1, if a type changes completely. Table 2 : Revision of the conceptual layer (Changes of the internal structure of the types)
We conclude that the conceptual layer has been revised substantially, but the main part of the changes was meant to enhance the descriptional means (addition of types and attributes). Although internal changes to existing types play a minor role, one can conclude from the second table (changes in value restriction only vs. deletions and insertions) that, if they take place, they are substantially, too. These observations indicate, that the high flexibility of the representational means is a necessary feature of the approach. The authoring and acquisition tools proved to enable a evolutionary development of model-based hypertext.
Discussion
Comparison
Data modeling and Views
Integrating semantic data modelling, model-based knowledge acquisition and the system concept of model-based medical hypertext, we had to adapt the Hypernode model to the special needs of our approach. The necessary modifications have been discussed in detail. Our approach inherits some limitations of the Hypernode model: e.g. cardinality as a common semantic aspect cannot be represented in a declarative way, but has to be enforced within update programs. There is no inherent support for set and relation type-forming operators as in other semantic models. Nevertheless they can be simulated, as it has been shown in [14] .
In contrast to the hypernode model hyperpaths support the list and tuple type inherently. The model exceeds other data modelling approaches (object-oriented data models e.g. the O 2 -Model [32] , the logical data model [33] or other graph-or hypergraph based models e.g. [34] ) with respect to the combination of a consistent treatment of cyclic structures, the nesting of objects and the transparency of the model (see [14] ). As discussed above, views are defined in analogy to the views in object-oriented database systems. On the basis of Hyperlog rules dynamic views are defined, which offer the necessary flexibility to implement a context sensitive generation of hypertext documents.
Object-centered knowledge representation
Object-centred knowledge representation is a key feature of our approach. Especially the structural schemes defined on the first level enforce the combined representation of medical factual knowledge, which refers to one real-world-object or concept of interest. As mentioned above, it is possible to embed the best-known object-centred representation format i.e. the Frame model [28] into the Hyperpath model. The structural scheme 'concept' supports a modified Frame model, allowing for weighted slot-fillers. Additionally the typing mechanism of Hyperpaths imposes type constraints on the possible slot-fillers.
With respect to object-centred knowledge representation our approach differs from other graph-based representation formats e.g. conceptual graphs [35] or the graph grammar approach reported in [36] both enable a structured knowledge representation with well-defined logical semantics, but do not concentrate on objects as structuring schemes.
Graph-based representation of process
To begin with a classical example, CASNET [37] as an early AI-approach to medical modelling and decision support, represents pathophysiological processes as a net of cause and effect relationships, which can be interpreted as a directed graph. The problem of assigning consistent parameters to a history of states has not been treated. The same holds for the graph-grammar approach [36] , which has been applied to the repre-sentation and processing of causal, temporal contexts in oncological patient records. Due to the assignment of absolute times and dates to states -which is not possible in our case -, the problem of loop structures in the process representation does not arrise. The comparison to this approach is interesting, because complex integrity constraints can be enforced on the knowledge representing graph structures by the graph grammar. These constraints are fundamentally driven, whereas the condition of well-typedness imposes semantic integrity constraints in the case of Hyperpaths, too.
Conceptual structuring
An important example for a conceptual modelling approach in the medical domain is the GAMES II project [38] . GAMES II aims at developing a general methodology for the construction of medical knowledge-based systems. The implementation of problem solving methods is supported by a knowledge level description of the domain knowledge. Such an abstract and implementation independent description is comparable to our multi-layered approach, although the implementation of problem solving components is not in our scope of interest. Using the definitions of ( [39] , [40] ), we may relate our layer of structural schemes to an representation ontology, the conceptual layer the domain ontology, which in our case is not strictly separable from the generic ontology and the domain layer to the representation of concrete domain knowledge.
Of cause the representation of medical terminology is another field, where -as a natural consequence of the difference between concepts and terms and of the hierarchical structure of medical concepts -some aspects of conceptual structuring can be revisited. Two prominent examples should be mentioned: the Generalized Architecture for Languages, Encyclopedias and Nomenclatures in Medicine (GALEN [41] ) is an EUfunded Project, which aims at the implementation of a language independent concept representation system for the medical domain. In GALEN a Concept System Model, which is mainly a taxonomy of concepts, is separated from the Information System Model. The latter establishes relations amongst concepts. Assertional knowledge (e.g. the content of a patient record) is mapped to these relational structures. The formalisation language of GALEN (GRAIL) belongs to the class of terminological languages and comes equipped with a sophisticated inheritance mechanism. With less formal strength, but more practical relevance due to the huge amount of contained medical terms the Metathesaurus and the Semantic Net of the Unified Medical Language System (UMLS [42] ) are another example of a structuring of medical terminology by concepts and their relationships and by a categorisation of concepts.
Model-based hypertext
Generation of hypertext documents on the basis of a formally represented domain model appears in at least two different contexts: First, given the problem managing a large knowledge base, knowledge based generated hypertext serves as a user-friendly interface: the most popular example of this is part of the Cyc-Project, where all-dayknowledge has been acquired for almost a decade of knowledge entering effort using a frame-based internal representation of domain concepts (e.g. Cyc). For Cyc the VISAR system [43] produces hypertext like retrieval reports furthermore a graph-based Browser has been developed, which supports a hypertext navigation metaphor [44] .
Second, there have been approaches to generate 'Adaptive Hypertext' in-the-fly respecting the actual informational needs of the user. Often these approaches focus on user models or the analysis of the navigational behaviour of the user (for an overview see [3] ). In some cases a domain model serves as a basis of adaptivity (e.g. in EPIAM [45] , ISIS-Tutor [46] Hypadapter [47] ). User modelling is not in the scope of this paper. Here we focus on an integrative view on acquisition methodology and formal aspects of the knowledge representation and data modelling respectively.
Conclusion
Model-based hypertext is a promising step forward to knowledge-based assistance systems in medicine ( [48] [49] ). In contrast to the classical expert system in medicine, which aimed at partially simulating and substituting human problem solving competence, assistance systems provide the physician with additional knowledge during clinical problem solving or offer the automation of well defined subtasks. At any time the physician controls the whole process and the performance of subtasks is embedded in the physicians doing.
In this paper we present an integrative perspective to the acquisition and formal representation of model-based medical hypertext. We introduce conceptual structuring as a means to support the acquisition of a consistent, comprehensive and semantically structured domain model. A modification of the Hypernode model [14] leads to a formal approach, which meets the conditions of a flexible and adequate representation of complex neurological knowledge. View mechanisms have been defined on the basis of Hyperlog, a rule-based query and data manipulation language. They enable the contextsensitive presentation of relevant parts of the represented knowledge. During the acquisition process for a computer-based reference book for cerebrovascular diseases (NeuroN) the flexibility of the representational formats proved to support a repeated refinement of the conceptual structures and to enable an adequate representation of neurological knowledge. 
